Regional variation in the prevalence of Asian t rickets was examined in Coventry, Bradford and Glasgow. Records of 152 weeks of daylight outdoor exposure were obtained from 104 Glasgow Asian children, 53 of whom had been treated for rickets. Records of seven-day weighed dietary intake were obtained from 84 Asian children, 43 of whom had been treated for rickets.
INTRODUCTION
Severe vitamin D deficiency was first described in the British Asian population in 1962 [1] . It may lead to neonatal rickets [2] , infantile rickets [3] , late rickets in Asian schoolchildren [4] and osteomalacia in Asian women [5] . The reasons for this state of affairs are disputed. Habits of sun avoidance leading to limited exposure to ultraviolet radiation [6] , skin pigmentation [7] , X In this communication, the word Asian implies an ethnic origin in the Indian sub-continent (India, Pakistan or Sri Lanka). genetic factors [8] , vegetarianism [9] and the consumption of high-extraction wheat cereal as chapati [10, 11] have been invoked as causal factors, singly or in combination.
In this study, regional variation in the prevalence of Asian rickets as shown by biochemical and radiographic evidence was examined in Coventry, Bradford and Glasgow. Daylight outdoor exposure and weighed dietary intake were recorded by rachitic and normal Glasgow Asian children. Following multivariate analysis of the findings, a risk-factor model of Asian rickets is proposed. Preliminary conclusions of this study were published in 1982 [12] and the results are presented in full here.
SUBJECTS AND METHODS

Regional variation in the prevalence of Asian rickets
Surveys of the prevalence of rickets in Asian schoolchildren in Coventry (ref. 13 ; J. Ablett, personal communication), Bradford [14] , and Glasgow [4, 15] were reviewed using the criteria of hypocalcaemia (corrected serum calcium level <2.20 mmol/1) and rachitic change shown radiographically. Serum 25-hydroxycholecalciferol (25-OHD) concentrations and alkaline phosphatase activities were not compared because of variations in methodology, units of measurement and availability among surveys. None of the children in the samples surveyed was known to be taking vitamin D supplements. Surveys were undertaken in the winter or spring to minimise seasonal variation in the prevalence of rickets.
Dietary survey of Asian children in Glasgow
Eighty-four Asian children in Glasgow aged eight to 16 years participated in the dietary survey. They comprised the 79 rachitic and normal children from a previous general practice survey who had not taken vitamin D supplements for at least five years before sampling (the 'none' supplement group in the general practice survey; refs. 15, 16) . Five children from the survey with previously treated severe rickets also participated. During the general practitioner survey, carried out between January and May 1979, blood was taken from all participants for the estimation of serum calcium, inorganic phosphorus and 25-OHD concentrations and alkaline phosphatase activities. Children with biochemical evidence of rickets had radiographs of both knees. These results and the biochemical methods and reference limits employed in the survey have been published [15, 16] .
Eighty-four children recorded and weighed their food intake for seven days between November 1979 and May 1980 as described by Marr [17] ; records were checked daily by J.B.H. All children shown to have rickets in the general practitioner survey were treated with vitamin D. Careful enquiry was made regarding possible changes in dietary pattern after treatment.
Food component intake was calculated from the computerised food tables of Paul and Southgate [18] and the Nutritive Values of Indian Foods [19] . Intake of food classes and components was standardised for energy intake before entry to their respective logistic models (see statistical methods section). The height and weight of each child in indoor clothes without shoes were measured at the conclusion of the survey by J.B.H. Percentile heights and weights were calculated from standard growth charts [20] . eight children again recorded their daylight outdoor exposures in July and August 1980 for seven days. In a previously reported study, 20 rachitic and normal children recorded daylight outdoor exposures for seven days in July and August 1974. Ten rachitic and normal children again recorded their daylight outdoor exposures for seven days in January 1975 [21, 22] . In all these surveys the children were asked to indicate the nature of their outdoor activities and their estimated time out of doors during daylight hours every day on a record. Records were reviewed daily to ensure accuracy. The final daily estimate of daylight outdoor exposure was expressed as the arithmetic mean of the seven-day record (min. per day).
Collectively, the 1973-1974 and 1979-1980 surveys provided records of 31 weeks of daylight outdoor exposure from rachitic children and 27 weeks from normal children in July and August. In the remaining months of the year 48 weeks of daylight outdoor exposure were available from rachitic children and 46 weeks from normal children. In both surveys the rachitic group included cases of 'mild' and 'severe' rickets.
Analysis of results
One way analysis of variance showed that the daylight outdoor exposures of Asian children were significantly greater in July and August than in the remaining months of the year (p<0.05). Daylight outdoor exposures during the remaining months of the year showed no significant seasonal variation. Exposures for July and August and for the remainder of the year were therefore designated as 'summer' and 'non-summer' respectively and analysed separately. Since 'non-summer' daylight outdoor exposures were available for all participants in the weighed dietary survey, they were employed in the multivariate analysis of rachitic risk described below.
Participants in the 1979-1980 surveys of diet and outdoor exposure were classified into three groups for statistical analysis.
(i) Sixteen children with treated privational rickets formed a 'severe' rickets group. Four had rachitic deformity and three had required osteotomy. All had experienced severe limb pains and showed abnormal concentrations of serum calcium or inorganic phosphorus, abnormal alkaline phosphatase activities and radiographic evidence of rickets before treatment with vitamin D.
(ii) Twenty-seven children with mild or no symptoms, abnormal concentrations of serum calcium or inorganic phosphorus or abnormal alkaline phosphatase activities before treatment with vitamin D formed a 'mild' rickets group. Nineteen children had radiographic evidence of rickets.
(iii) Forty-one children with normal concentrations of serum calcium and inorganic phosphorus and normal alkaline phosphatase activities formed a normal group.
Statistical methods
The significance of between-group differences for categorical variables (prevalence of hypocalcaemia and radiographic evidence of rickets, percentile height and weight distributions and vegetarianism) was assessed by the^-2 statistic. The significance of between-group differences for continuous variables (food classes, food components and daylight outdoor exposures) was assessed by the Mann-Whitney U test.
Multivariate analysis. Examination of univariate differences does not indicate the extent, if any, of the independence or 'overlap' of their contributions (in statistical terms) to rachitic risk. To resolve this problem, multivariate analysis is required. In this study, stepwise logistic regression analysis identified the independent contributions of significant variables to explanatory statistical models of rachitic risk [23] [24] [25] . This technique has the particular advantage over multivariate discriminant analysis that both dichotomous variables (e.g. the child's sex) and nonnormally distributed continuous variables (e.g. the child's age and many food class and component variables) can be considered in the analysis. Daylight outdoor exposure, 'growth' and food class and component models were considered in succession. In principle, the method involves the computation of a^2 statistic as each variable is entered in stepwise fashion in the statistical model. Variables producing the most significant improvement in goodness of fit as measured by the log likelihood statistic are identified. Where variables are highly correlated, the variable providing the largest improvement in goodness of fit is retained. The final model contains the best combination of variables or risk-factors which are important in the prediction of rachitic risk and measures their independent contributions to that risk.
The relative importance of the significant variables in each logistic model is indicated by their standardised regression coefficients (see Tables 2,6 and 7). The significance of improvements in goodness of fit between successive models derived from changes in the log likelihood statistic is also shown (see Tables 6 and 7) .
Discriminating power of logistic models. An individual statistical probability of rickets was computed from the structure of the variables in each logistic model for rachitic and normal children in the sample. This is equivalent to allocating a risk score for rickets to each child which measures the rachitic potential of his or her daylight outdoor exposure, age, sex, percentile height and dietary intake as dictated by the model variables. The extent to which these probabilities distinguish between rachitic and normal groups measures the discriminating power of the model.
In the study, this discrimination was expressed as a single relative risk for each model. Individual probabilities above and below the common median for each rachitic and normal group were designated as 'high' or 'low' respectively. The relative risk of rickets associated with 'high' probabilities in each logistic model was derived from the proportion of 'high' probabilities in the rachitic group compared with the normal group in the conventional way. This is shown as the model relative risk (see Table 3 ).
Further information on the statistical methods used is available from the authors.
RESULTS
Regional variation in the prevalence of Asian rickets
The prevalence of rickets as shown by hypocalcaemia and radiographic evidence in children from the Asian communities of Coventry, Bradford and Glasgow rose from south to north (Table 1) . Asian schoolchildren in Glasgow had significantly more radiographic evidence of rickets (p<0.001) and hypocalcaemia (p<0.005) than Asian schoolchildren in Coventry. They also had significantly more hypocalcaemia than Bradford children (p<0.05) but differences in radiographic evidence of rickets were not significant.
Daylight outdoor exposure surveys of Asian children in Glasgow
The 'summer' and 'non-summer' daylight outdoor exposures of rachitic children were significantly less than those of normal children (Table 2) . Stepwise logistic analysis indicated that 'summer' and 'non-summer' daylight outdoor exposures were significantly associated with reduced rachitic risk (Table 2) . However, because of the wide overlap between individual daylight outdoor exposure values, both models provided poor discrimination between rachitic and normal groups as shown by their low model relative risks (Table 3) . [4, 15] (105 children aged 5-16) Bradford 1973 [14] (156 children aged 9-16) Coventry 1973-1974 [13] (143 children, aged 12-16) Hypocalcaemia (< 2.20 mmol/1) (%) 20 (19) 15 (10) 9 (6) Rachitic radiograph (%) 22 (21) 20 (13) 10 (7) Table 2) 'Non-summer' daylight outdoor exposure 'Severe' rickets: 'Non-summer' daylight outdoor exposure normal 'Growth' (see Table 6 )
Food classes Food components 'Mild' rickets:
'Non-summer' daylight outdoor exposure normal 'Growth' (see Table 7 )
Food classes Food components * The relative risk of rickets associated with 'high' probabilities of rickets derived from the model (see statistical methods section). 
Dietary survey of Asian children in Glasgow
Univariate analysis. Few normal children were vegetarian (two of 41 children; 5 per cent); no children with treated 'mild' rickets were vegetarian. More children with treated 'severe' rickets (five of 16 children; 31 per cent) were vegetarian. These differences were not statistically significant but all four children with treated 'severe' rickets and previous rachitic deformity were vegetarian.
Two incomplete records from children with treated 'mild' rickets were excluded from the final analysis of the weighed dietary survey. This comprised 16 children with treated 'severe' rickets, 25 children with treated 'mild' rickets and 41 normal children.
Children with treated 'severe' and 'mild' rickets had significantly lower 'non-summer' daylight outdoor exposure values during the dietary survey than normal children. The dietary vitamin D intakes of all three groups of children were low but similar (Table 4) .
Children with treated 'severe' rickets had a significantly higher intake of chapati and a significantly lower intake of milk and meat than normal children (Table 5 ). Correspondingly, their intake of dietary fibre and phytate was significantly higher and of dietary phosphorus significantly lower (Table 3) .
Differences between the diets of children with 'mild' rickets and normal children were less marked. The higher milk and pulse intake of children with 'mild' rickets approached but did not attain statistical significance (milk, p<0.07; pulses, p<0.06; Table 5 ). Their calcium and phosphorus intake was significantly higher (Table 4) . Broadly the results from all three groups indicate a trend to increasing vegetarianism with increasing severity of rickets.
Children with treated 'mild' rickets were relatively taller than both children with treated 'severe' rickets and normal children (p<0.05), reflecting increased growth velocity in this group. Asian boys were as tall as London white boys [20] but Asian girls were significantly shorter than both Asian boys and London white girls ( [20] ; p<Q.O5). It seems likely that the shorter stature of Asian girls results from the long-term effect of relatively more severe vitamin D deficiency on epiphyseal growth; ethnically-related differences in height would have been expected to affect Asian boys and girls equally.
Multivariate analysis. Using stepwise logistic regression, the relative distributions of variables in the 'severe' and 'mild' rickets groups relative to the normal group were compared in successive daylight outdoor exposure, 'growth' and food class and component models.
'Severe' rickets. In the daylight outdoor exposure model, 'non-summer' daylight outdoor exposure during the dietary survey was significantly associated with reduced rachitic risk ( Table  6 ). Because of the considerable overlap between individual values, discrimination between rachitic and normal groups was poor as shown by the relatively low model relative risk (Table  3) .
The 'growth' models considered the relationships of the child's growth velocity, proximity to the pubertal growth spurt and sex to the risk of 'severe' or 'mild' rickets. These factors were expressed in the analyses by the variables percentile height, age and sex respectively. Percentile height was eliminated as a non-significant variable from the 'growth' model for 'severe' rickets at a preliminary stage of the analysis. In the final model neither age nor sex provided individually significant contributions to rachitic risk (Table 6 ). The addition of age and sex to the daylight outdoor exposure model led to moderately improved discrimination between rachitic and normal groups as judged by a rise in the model relative risk (Table 3 ).
In the food class model, in decreasing order of significance, logistic analysis identified the combination of chapati and meat intakes and daylight outdoor exposure values as the best discriminating set of variables. These contributed as negative (meat and daylight outdoor exposure) and positive (chapati) risk-factors for severe rickets (Table 6 ). Compared with the preceding 'growth' model, discrimination between rachitic and normal groups improved greatly with a highly significant improvement in the model goodness of fit and a marked rise in the model relative risk (Table 3 ).
In the food component model, in decreasing order of significance, phosphorus and fibre intakes and daylight outdoor exposure values formed the best discriminating set of variables. These contributed as negative (phosphorus and daylight outdoor exposure) and positive (fibre) risk factors for severe rickets (Table 6 ). Discrimination between rachitic and normal groups was also satisfactory with a highly significant improvement in the model goodness of fit compared with the previous 'growth' model and a high model relative risk (Table 3) .
'Mild' rickets. In the daylight outdoor exposure model, 'non-summer' daylight outdoor exposure during the dietary survey was significantly associated with reduced rachitic risk ( Table   TABLE 7 7). As in the 'severe' rickets model, discrimination between rachitic and normal groups was poor with a low model relative risk (Table 3) .
As noted above, children in the 'mild' rickets group were.taller than children in the 'severe' rickets and normal groups. In the 'growth' model, daylight outdoor exposure and percentile height contributed in decreasing order of significance as negative (daylight outdoor exposure) and positive (percentile height) risk factors for 'mild' rickets (Table 7) . Compared with the daylight outdoor exposure model, discrimination between rachitic and normal groups improved with a significant improvement in the model goodness of fit and a rise in the model relative risk (Table 3) .
In the food class model, in decreasing order of significance, meat intake, daylight outdoor exposure values and percentile height were identified as the best discriminating set of variables. These contributed as negative (meat and daylight outdoor exposure) and positive (percentile height) risk factors for 'mild' rickets (Table 7) . However, in comparison with the preceding 'growth' model, there was no significant improvement in the model goodness of fit and only a moderate rise in the model relative risk (Table 3 ).
In the food component model, in decreasing order of significance, protein and phosphorus intakes, daylight outdoor exposure and percentile height formed the best discriminating set of variables. These contributed as negative (protein and daylight outdoor exposure) and positive (phosphorus and percentile height) risk factors for mild rickets (Table 7) . Discrimination between rachitic and normal groups was also good with a highly significant improvement in the model goodness of fit compared with the preceding 'growth' model and a high model relative risk (Table 3) .
DISCUSSION
Most vitamin D is synthesised in the skin in response to ultraviolet radiation even where this is limited by high latitude and urbanisation [26] . Skin pigmentation in Asians further reduces their ability to synthesise cholecalciferol [7] and most Asians avoid solar exposure and wear clothes which expose only the face and hands.,However, the assumption that Asian rickets and osteomalacia is entirely due to ultraviolet deprivation conflicts with observations that the daylight outdoor exposures of rachitic and normal Asian children and of white children were similar [21, 22] . Compston found no evidence of severe ultraviolet deprivation in osteomalacic Asian women [27] . Historical and recent evidence from Europe and Asia has also emphasised the dominant role of dietary factors, particularly "vegetarianism, in the aetiology of privational rickets and osteomalacia [9-11, 21-22, 29-36] .
Study design
Patterns of diet, dress and outdoor activity dictated by cultural and religious custom appear broadly similar in the Asian communities who live in many British inner-city areas. It therefore seemed likely that large between-community variations in the prevalence of Asian rickets would reflect variations in their collective exposure to UV radiation.
Direct measurement of individual exposure to UV radiation requires the wearing of correctly-applied polysulphone film badges. It seemed improbable that Asian schoolchildren would wear these correctly over a sufficiently long period to produce accurate results. Instead, it was assumed that the relative daylight outdoor exposure patterns of rachitic and normal children would reflect relative differences in their actual exposure to UV radiation. This varied from zero in winter to a maximum in mid-summer. However, this seasonal variation and the restrictions in exposure to UV radiation imposed by the urban environment, dress and limited skin exposure were similar in the rachitic and normal children studied. The statistical analysis employed a categorical disease classification as the dependent variable based on biochemical and clinical evidence of rickets in preference to a single biochemical parameter of vitamin D deficiency such as serum 25-OHD or alkaline phosphatase concentrations. Serum 25-OHD concentrations are low in both rachitic and normal Asian children in Glasgow and mean between-group differences are small [15, 16] . Stepwise discriminant analysis has confirmed that serum 25-OHD concentration provides poor separation between rachitic and normal Asian children in Glasgow [28] . In contrast, serum alkaline phosphatase concentration provided the best single biochemical discriminant followed by serum inorganic phosphorus concentration [28] .
Results
It seems probable that the considerable differences in the prevalence of Asian rickets in the Coventry, Bradford and Glasgow samples reflect variations in community exposure to UV radiation determined by latitude and the nature of the three inner city urban environments. The dense housing, high tenement buildings, narrow streets and lack' of gardens in much of central Glasgow have been associated with a high prevalence of infantile rickets for at least a hundred years [3] . Within Glasgow, where UV radiation is restricted in these ways, individual daylight outdoor exposure discriminated poorly between rachitic and normal children. Poorer discrimination was observed in mid-summer ('summer' daylight outdoor exposure) than in the winter and spring months ('non-summer' daylight outdoor exposure). The observation of both rachitic and normal groups for a total of 2.9 person-years increases the probability that the data do reflect relative between-group exposures to actual UV radiation. The observations mirror a uniform pattern of outdoor activity by both groups dictated by travel to and from school, formal and informal outdoor recreation and limited travel outside the city. Indeed, the outdoor exposure of Asian children in Glasgow resembles that of many white children in the city in whom privational late rickets is almost unknown [21, 22] . Thus, while limited exposure to UV radiation can be considered a necessary predisposing risk factor for Asian rickets, it is insufficient to account for individual propensity to disease.
In contrast, the food class and component models suggest that the propensity of individual Asian children in Glasgow to develop rickets is mainly determined by dietary factors. 'Severe' rickets in Asian children is strongly associated with low meat intake and high intake of chapati. The significant variables in the parallel component model reflects these variables. In particular, the fibre risk is associated with high extraction wheat cereal as chapati; fibre derived from pulses and vegetables in the 'mild' rickets group was not significantly associated with rachitic risk. The discrimination provided by these dietary factors reflects a considerable range of dietary patterns in Asian children in Glasgow determined by religion and by varying degrees of adaptation to Western dietary habits. Accelerated growth at puberty was associated with an increased risk of 'mild' rickets only.
We have recently completed a study of the dietary intake and outdoor exposure of 104 Asian women with and without osteomalacia. As in the children's surveys, daylight outdoor exposure discriminated poorly between osteomalacic and normal Asian women. In contrast, all 12 women with 'severe' osteomalacia were strict vegetarians, whereas of 15 women with 'mild' osteomalacia, only six (40 per cent), and of 77 normal women only six (8 per cent) were strict vegetarians. These differences are highly significant. A multivariate analysis of the food class and component intake of the sample is in progress.
Previous studies of rickets and osteomalacia
The association of vegetarianism and the consumption of high-extraction wheat cereal with rickets and osteomalacia has been clearly shown by epidemiological observations from Asia and Europe [29] [30] [31] [32] . Dietary surveys of Asian vitamin D deficiency in Britain have provided less clear-cut results, probably because of the small numbers of subjects without symptoms studied, the absence of parallel outdoor exposure measurements (with one exception; see ref 33) , the selective choice of variables as risk factors and the restriction of statistical analyses (with one exception; see ref. 33 ) to univariate risk factors. Three studies found that chapati intake was associated with either raised serum alkaline phosphatase activities in Asian children [21, 22] or with low serum 25-OHD concentrations in Asian women and children [33, 35] . Vegetarianism was associated with low serum 25-OHD concentrations in two studies of pregnant Asian women [9, 36] . Low animal protein intake (source unspecified) was associated with low serum 25-OHD concentrations in one study of Asian women and children [33] . One study found no differences in the diet of eight asymptomatic Asian boys with elevated serum alkaline phosphatase activities and eight normal boys [37] .
A UV radiation-diet risk-factor model of Asian rickets
The independent risk factors of low meat and high chapati intakes identified in this study operate in a context of limited exposure to UV radiation. This suggests a possible UV radiation-diet model in which these risk factors modulate the supply or metabolism of a limited quantity of endogenously synthesised cholecalciferol. The interruption of a conservative enterohepatic circulation of vitamin D by components of dietary wheat fibre leading to faecal wastage of vitamin D metabolites provides a possible mechanism for the rachitogenic action of wheat fibre [38] .
Fraser has disputed the existence of a functionally important enterohepatic circulation of vitamin D and suggested that dietary components may influence its hepatic metabolism [39] . Cereal lowers the vitamin D status of chickens and cows [40, 41] and modifies hepatic lipogenesis in domestic fowls [42] . Bile salt malabsorption produced by components of dietary cereal may induce liver hydroxylase activity and result in increased degradation of vitamin D [39] . Such alternative mechanisms for the production of vitamin D deficiency in man require further investigation. The concept of calcium-binding by dietary phytate is not supported by our study. Calcium and phytate intakes do not contribute significantly to rachitic risk in children with mild or severe rickets.
Low or no intake of meat and meat products is strongly associated with Asian rickets. This risk factor is statistically independent of all the other food classes and non-dietary variables examined and does not simply mirror vegetarianism or a reciprocally high consumption of chapati and other vegetable foods. Since muscle and adipose tissue are known to store vitamin D in low concentration [43] , it is possible that meat and meat products contain more vitamin D or vitamin D metabolites than has hitherto been supposed. Alternatively, meat and meat products may influence vitamin D metabolism in an unexplained manner.
Conclusion
The relative roles of ultraviolet light and dietary factors in the maintenance of vitamin D homeostasis have been debated since the discovery over 60 years ago that vitamin D was present in certain foods and could be synthesised in the skin following solar irradiation. The risk-factor model proposed in this study suggests that regional variation in the prevalence of rickets is mainly determined by the total UV radiation available to the community. In the context of limited exposure to UV radiation, individual propensity to rickets within a given community is mainly determined by dietary factors. While the biochemical mechanisms underlying this model are incompletely understood, its application produces an explanation for past
